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Biofilm formation in Staphylococcus aureus is subject to phase variation, and biofilm-negative derivatives
emerge sporadically from a biofilm-positive bacterial population. To date, the only known mechanism for
generating biofilm phenotypic variation in staphylococci is the reversible insertion/excision of IS256 in biofilm-
essential genes. In this study, we present evidence suggesting that the absence of the o® transcription factor
dramatically increases the rate of switching to the biofilm-negative phenotype in the clinical isolate S. aureus
15981, under both steady-state and flow conditions. The phenotypic switching correlates with a dramatic
increase in the number of IS256 copies in the chromosomes of biofilm-negative variants, as well as with an
augmented IS256 insertion frequency into the icaC and the sar4 genes. IS256-mediated biofilm switching is
reversible, and biofilm-positive variants could emerge from biofilm-negative ¢® mutants. Analysis of the
chromosomal insertion frequency using a recombinant IS256 element tagged with an erythromycin marker
showed an almost three-times-higher transposition frequency in a Ac® strain. However, regulation of 1S256
activity by ¢® appears to be indirect, since transposase transcription is not affected in the absence of ¢® and
IS256 activity is inhibited to wild-type levels in a Ao® strain under NaCl stress. Overall, our results identify
a new role for ¢® as a negative regulator of insertion sequence transposition and support the idea that

deregulation of IS256 activity abrogates biofilm formation capacity in S. aureus.

Staphylococcus aureus is a leading cause of human diseases
ranging from minor skin infections and food poisoning to life-
threatening endocarditis, osteomyelitis, and postsurgical infec-
tions. In recent years, S. aureus has become one of the most
important bacteria responsible for infections associated with
the use of medical devices (47). The capacity of S. aureus to
adhere to and form multilayered communities, termed “bio-
films,” on the surfaces of implanted devices appears to be one
of the major causes of persistent infection following surgery
(11, 43). Inside the biofilm, bacteria are embedded in a self-
produced matrix that provides a stable protective environment
and also acts as a nidus for the dissemination of cells that
initiate recurrent infections (20).

Although much effort has been made to identify the essen-
tial genetic elements and regulatory mechanisms of S. aureus
biofilm formation, little is known about the mechanisms un-
derlying the dispersion of the bacteria from the mature biofilm.
In a pioneering study, Ziebuhr et al. (48) showed that inser-
tion/excision of the insertion sequence 1S256 in the icaADBC
operon plays a direct role in the “on-to-off” switching of the
biofilm formation capacity of Staphylococcus epidermidis. The
icaADBC operon encodes proteins responsible for the synthe-
sis of the PIA/PNAG (polysaccharide intercellular adhesin/
polymeric N-acetyl glucosamine) exopolysaccharide, which is
an important component of the staphylococcal biofilm matrix
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(12, 21, 35, 37). More recently, it was reported that IS256 also
contributes to the production of biofilm-negative variants of S.
epidermidis through insertion/excision events in the sar4 and
rsbU genes (9). SarA, which controls the expression of over 100
genes, is required for icaADBC operon expression, PIA/PNAG
synthesis, and biofilm development in S. aureus and S. epider-
midis (4, 44, 45). The RsbU protein is a positive activator of the
transcription factor o®, and its disruption is associated with the
loss of biofilm-forming capacity in S. epidermidis (29). One
question that remains is how an S. epidermidis cell is able to
alter its IS256 activity to allow adaptation of its biofilm-form-
ing capacity to environmental conditions. Different host fac-
tors, including histone-like proteins (IHF, HU, HNS), Dam
methylation, DNA supercoiling, proteins involved in DNA
damage repair, proteases, and chaperones, have been de-
scribed as important in regulating transposition (38). However,
there is apparently no general rule governing transposition
regulation, and each mobile element seems to have its own set
of factors.

In a previous study in which we analyzed the biofilm forma-
tion capacity of the clinical strain S. aureus 15981, we observed
that disruption of o® triggered the appearance of smooth col-
onies in the population (45). To corroborate this observation,
in the present study we have investigated the biofilm pheno-
typic variation of the o® mutant under different growth condi-
tions. Our results revealed that the absence of o® dramatically
increased the rate of phenotypic switching to the biofilm-neg-
ative phenotype due to the increased transposition activity of
1S256. Osmotic stress counteracted the absence of o® and
restored the phenotypic switching of the o® mutant to levels
similar to that of the wild-type strain. These results reveal
strategies of the host cell for avoiding the adverse effects of the
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Reference
Strains
S. aureus
15981 Biofilm-positive clinical strain 45
Ac® strain 15981 Ac® 45
AcB™ strain 15981 Ac® with a restored o® gene This study
icaC::Tn917 strain 15981 icaC::Tn917 45
E. coli XL1-Blue Used for cloning assays
Plasmids
pBT2 E. coli-S. aureus shuttle vector with a thermosensitive origin of replication for gram-positive bacteria 5
pMAD E. coli-S. aureus shuttle vector with a thermosensitive origin of replication for gram-positive bacteria 1
and the bgaB gene from Bacillus stearothermophilus encoding a thermostable B-galactosidase
pLA1 Plasmid that carries the IS256 element containing the erythromycin cassette (IS256r) This study
pLA1-ATnp Plasmid that carries the IS256r element with a site-specifically mutated transposase This study

excessive transposition of mobile elements and provide novel
insights into the regulation of the transition from the plank-
tonic to the biofilm lifestyle in S. aureus.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The most relevant bacterial strains
and plasmids used in this study are listed in Table 1. Escherichia coli XL1-Blue
cells were grown in Luria-Bertani (LB) broth or on LB agar (Pronadisa, Spain)
with appropriate antibiotics. Staphylococcal strains were cultured on Trypticase
soy agar (TSA), in Trypticase soy broth (TSB) supplemented with 0.25% glucose
(TSB-gluc), 0.5 M NaCl (TSB-NaCl), or 0.5 M KCI (TSB-KCI) where indicated.
Media were supplemented with the following appropriate antibiotics at the
indicated concentrations: erythromycin at 20 pg ml~! or 1.5 pg ml ™!, ampicillin
at 100 pg ml~!, and chloramphenicol at 20 pg ml~".

Genetic manipulations. General DNA manipulations were performed by stan-
dard procedures (3). For o restoration, the o® gene was amplified using the
sigB-A and sigB-D primers from S. aureus 15981 (Table 2). The 1,064-bp frag-
ment was cloned in the pGEM-T Easy vector (Promega). The fragment was then
cloned into the BamHI site of the shuttle plasmid pMAD (1), and the resulting
plasmid was transformed into the Ac® strain by electroporation, using a previ-
ously described protocol (13). Allelic exchange in the absence of a selection
marker was performed as previously described (2). Briefly, the pMAD plasmid
harboring a wild-type copy of the o® gene was integrated into the chromosome
through homologous recombination at a nonpermissive temperature (43.5°C).
From the 43.5°C plate, one to five colonies were picked, placed into 3 ml of
TSB-gluc, and incubated for 24 h at 30°C. Tenfold serial dilutions of this culture
were plated on TSA containing X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galacto-
pyranoside) (1.5 wg/ml). White colonies, which no longer contained the pMAD
plasmid, were tested to confirm the replacement by PCR using the sigB-A and
sigB-D primers.

DNA hybridization for the detection of the icadDBC operon, 1S256, and a
recombinant IS256 element (IS256r) was performed according to the protocol
supplied with a PCR-digoxigenin DNA-labeling and chemiluminescence detec-
tion kit (Roche). The oligonucleotide pairs IS-1/IS-2, ISeri-3/ISica-4, and IcaAl-
IcaA2 were used to generate the specific IS256, erythromycin gene, and ica
operon probes.

For the measurement of IS256 insertions in the ica operon, single rough
colonies of the wild-type strain and the Ac® mutant were cultured overnight in
5 ml of TSB-gluc. Then, dilutions were plated on Congo red agar (CRA).
Biofilm-positive variants display a rough colony morphology when grown on this
medium, whereas biofilm-negative variants exhibit a smooth colony morphology.
One hundred ten smooth colonies of the wild-type strain and the Ac® mutant
were subjected to PCR for their ica genes using primers icaA-1/icaA-2, icaC-1/
icaC-2, and icaB-1/icaD-2. The nucleotide sequencing was determined by the
dideoxy chain termination method, using an ABI PRISM 310 genetic analyzer
(Applied Biosystems).

Screening for biofilm-negative variants. Screening for biofilm-negative vari-
ants was performed on CRA (16). Strains were incubated overnight in 5 ml of
TSB-gluc. Then, cultures were diluted 1:1,000 in 5 ml of TSB-gluc to continue the

serial passage. After 5 days, a dilution was plated on CRA and incubated for 24 h
at 37°C. To analyze the effect of environmental conditions on biofilm phenotypic
variation, the strains were serially diluted in 5 ml of TSB, TSB-gluc, TSB-NaCl,
and TSB-KCI at both 30 and 37°C for 5 days, and then the morphology on CRA
plates was determined. The phenotypic variation on solid media was analyzed as
follows. A single colony from each strain was resuspended in 20 pl of TSB. Five
microliters of the resuspension was spotted on a TSA plate and incubated
overnight. The next day, all of the colony was resuspended in 20 pl of TSB, and
again 5 l of the resuspension was spotted on a TSA plate to continue the serial
passage. After 5 days, dilutions were plated on CRA and incubated for 24 h at

TABLE 2. Oligonucleotides used in this study

Oligonucleotide

Sequence

CTAACGAAAGGTAGGTA
AAGTGCTGTTTCTCTTAC

'CCGAACTCCAATGATTAT
CTTATACAAATGCGACGG

GCTTTGAGTTGTTATCAAT

CGTTGTTTGCTTCAGTGA
SArC.iiciines TTCACCAAATTGCGCTAAACCCTCCCTAT
TTGATGCATCTTGCT

sarD....inininne ACCCGTTATCAATCGG

CCGACAAAGTCAACGAAA
.GGCTGATGTTTGATTGGG
.............. CATTGTATTATCCTCAAATATATTTGATA
AAGTCCGTATAATTG
ISeri-2 ..o GTCGACCTATACAATGTTTTTACCA
ISeri-3 ... GGGTCGACCTATTGTGAGTTATTAGTG
ISica4 TCATTGTTTGCATATACAAATATATAGTC
AAGTCCAGACTCCTGTGTAAAATAGTA
TAACTATTAGG
CTCATAATAGCCATTTCGTTG
GCTTGCGCATCATTGGATG
.GGATTCGAAGACGCCTTTCAA
.GATTCAGTCGTTCAATTAGATTGGTACTC
ACGTATGAAGGTGGTACGCATG
ACGCGTTAATGCACGTTTGA
ATCGGTGGCGACTTTGATCT

IS-2..
ISica-1....

icaTag-Rv.... .CGGCATCAGTCATAATGACGATT
GyrTag-Fw............. TGTGATTTTTGGTACACCTTGCTT
GyrTag-Ryv ............. AGGTGACTTTTTGGTAATTCAAGGTT
Tnp-3...... .CCATGGCTAAGTTAATATCTGTGAAC

Tnp-4...ccoviinn CCATGGCGCATCATTGGATGATGG
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37°C. The ratio of smooth to rough colonies was determined. The frequency at
which biofilm-negative variants were produced from a biofilm-forming colony
(number of CFU per cell) was determined and generation was calculated as
previously described (30).

Selection of biofilm-positive revertants. A single colony of a biofilm-negative
variant was isolated and incubated at 37°C in TSB-gluc in 96-well polystyrene
microtiter plates. After 24 h, the medium was replaced. This procedure was
repeated until a biofilm of adhering bacteria became visible (around day 4). The
adhering bacterial cells were scratched from the bottom and streaked on CRA.
Rough colonies were isolated, and their capacity to produce a biofilm was
determined by the quantitative adherence assay.

PNAG detection. PNAG production in S. aureus 15981, in the Ac® strain, and
in the biofilm-negative variants was detected as described previously (12). Cells
were grown overnight in TSB-gluc, the optical density was determined, and the
same number of cells of each culture was resuspended in 50 pl of 0.5 M EDTA
(pH 8.0). Cells were incubated for 5 min at 100°C and then centrifuged to pellet
them. Forty microliters of the supernatant was incubated with 10 pl of proteinase
K (20 mg/ml; Sigma) for 30 min at 37°C. After the addition of 10 wl of Tris-
buffered saline (20 mM Tris-HCI, 150 mM NaCl [pH 7.4]) containing 0.01%
bromophenol blue, 5 wl was spotted on a nitrocellulose filter using a Bio-Dot
microfiltration apparatus (Bio-Rad), blocked overnight with 5% skim milk in
phosphate-buffered saline with 0.1% Tween 20, and incubated for 2 hours with
an anti-S. aureus PNAG antibody diluted 1:10,000 (36). Bound antibodies were
detected with peroxidase-conjugated goat anti-rabbit immunoglobulin G anti-
bodies (Jackson ImmunoResearch Laboratories, Inc., PA) diluted 1:10,000 and
the Amersham ECL Western blotting system.

Biofilm formation assays. A biofilm formation assay in microtiter wells was
performed as described previously (21). To analyze the biofilm formation under
flow conditions, we used 60-ml microfermentors with a continuous flow of 40 ml
h™! of TSB-gluc. Submerged Pyrex slides served as the growth substratum.
Bacteria (10%) from overnight precultures of wild-type 15981 and the Ac® strain
grown in TSB-gluc were used to inoculate microfermentors and subsequently
cultivated for 5 days at 37°C. Biofilm development was recorded with a Nikon
Coolpix 950 digital camera. To quantify the biofilm, bacteria that adhered to the
Pyrex slide were resuspended in 10 ml of TSB. The optical density of the
suspension was determined at 650 nm.

Detection of phenotypic variants in coagulases, lipases, proteases, and hemo-
lysins. Strain 15981 and the Ac® strain were incubated overnight in 5 ml of
TSB-gluc. Then, cultures were diluted 1:1,000 in 5 ml of TSB-gluc to continue the
serial passages. After 5 days of subcultivation, a dilution was plated on Baird
Parker agar (Difco), Spirit Blue agar (Difco), TSA supplemented with skim milk
(5%, wt/vol), and TSA with 5% sheep blood (Difco) to determine the number of
colonies with phenotypic variations in coagulase, lipase, protease, and hemolysin
production, respectively. For the detection of IS256 insertions in the sarA gene,
a dilution of an overnight culture of the wild type and the Ac® mutants was
plated on TSA-milk. After 24 h of incubation, the protease-overproducing vari-
ants were selected and PCR for the sar4 gene performed using the sarl/sar2 and
sarC/sarD primers.

Real-time quantitative PCR. Total S. aureus RNA was isolated using the Fast
RNA-Blue kit (Bio 101) according to the manufacturer’s instructions. Two mi-
crograms of each RNA was subjected in duplicate to DNase I (Gibco-BRL)
treatment for 30 min at 37°C. The enzyme was then inactivated at 65°C in the
presence of EDTA. To verify the absence of genomic DNA in every sample, the
RNA duplicates were reverse transcribed in the presence and absence of Molo-
ney murine leukemia virus reverse transcriptase (Gibco-BRL) (RT-PCR). All
preparations were purified using CentriSep spin columns (Princeton Separations,
Adelphia, NJ). To measure IS256 transposase (tnp) expression, 1/20 of each
reaction mixture was used for real-time quantitative PCR (RT-PCR) using an
ABI PRISM model 9700HT apparatus (Applied Biosystems). The tnp transcript
was amplified using primers Tnp-Fw and Tnp-Rv (Table 2). The gyrB transcript
was amplified as the endogenous control using primers Gyr-Fw and Gyr-Rv.
SYBER green was used to label the amplified DNA. To monitor the specificity,
final PCR products were analyzed by determining melting curves and by elec-
trophoresis. Only samples with no amplification of the minus reverse transcrip-
tase aliquot were considered in the study. The amount of tmp transcript was
expressed as the difference (n-fold) from the amount of the control gene (274¢7,
where AC; represents the difference in threshold cycle between the target and
control genes). For ica expression, TagMan probes were used (Applied Biosys-
tems). The icaC transcripts were amplified using the primers icaTaqFw and
icaTaqRv and the icaC-specific TagMan probe.

Transposition activity of the IS256r element. To generate the recombinant
element IS256r, the chromosomal icaC::1S256 insertion from the Ao® biofilm
variant L-24 was amplified by PCR using primers ISica-1 and ISeri-2 (Table 2).

J. BACTERIOL.

The erythromycin resistance gene was amplified using primers ISeri-3 and
ISica-4 (Table 2). Both fragments were fused, generating a recombinant element
(IS256r). 1S256r contains an erythromycin resistance gene as a selected marker
and maintains intact both inverted repeats and the transposase gene. IS256r was
cloned into the thermosensitive E. coli-Staphylococcus shuttle vector pBT2 (5),
generating plasmid pLA1. Plasmid pLA1 was introduced into the S. aureus 15981
wild type and Ac® mutant by electroporation. To construct the plasmid pLA1-
ATnp, the tnp gene of the IS256r element was mutated using primers tnp-3 and
tnp-4, which generate a deletion of 64 bp (Table 2). Mutated 1S256 was fused
with the erythromycin resistance gene, generating the IS256rATnp recombinant
element. IS256rATnp was cloned into pBT2, generating plasmid pLA1-ATnp.

Extrachromosomal template DNA from E. coli strains carrying pLAl and
pLA1-ATnp was prepared as previously described (34). IS256 circle junctions
were detected using primers Iscirl and Iscir2 (Table 2), which are directed in
opposite orientations.

To analyze the transposition activity of IS256r in each strain, transformants
were grown at 28°C for 5 to 7 h to allow recombinant element transposition and
then spread at 43°C (temperature nonpermissive for plasmid replication). The
frequency of transposition was determined as the number of erythromycin-
resistant and chloramphenicol-sensitive colonies.

Statistical analysis. Data corresponding to gene expression were compared
using the Mann-Whitney test. Data corresponding to the frequency of transpo-
sition of the recombinant element 1S256r were compared using the Pearson x>
test. All the tests were two sided, and the significance level was 5%. The statis-
tical analysis was performed with the SPSS program.

RESULTS

Effect of ¢® on biofilm phenotypic variation. In a previous
study, we demonstrated that the o®-null mutation in S. aureus
did not impair the biofilm formation capacity of the 15981
clinical isolate (45). However, we realized that after several
passages, the Ac® mutant lost the capacity to produce a bio-
film. To investigate whether o® regulates biofilm phenotype
switching, a single rough colony each of the parent and Ac®
mutant strains was subcultured in TSB-gluc broth for 7 days as
described in Materials and Methods. A dilution of each culture
was plated daily on CRA plates, and the numbers of rough and
smooth colonies were determined. S. aureus biofilm-negative
derivatives are easily recognized on CRA plates because they
produce smooth colonies, whereas biofilm-positive colonies
are rough (Fig. 1A). In the Ac® strain, the percentage of rough
colonies changed dramatically from 97% at day 1 to 2 to 5% at
day 7, while the percentage of rough colonies changed from
99.5% at day 1 to 95% at day 7 in the wild-type strain (Fig. 1B).
To confirm that the biofilm phenotypic variation was a conse-
quence of o® deletion, the o® gene was restored in the Ac®
mutant by allelic exchange. The restored strain (Ac®") exhib-
ited switching frequencies identical to those of the wild-type
15981 strain after serial passage, confirming that the increased
biofilm instability was indeed due to o® deficiency (data not
shown).

Analyses of the growth rate and the number of viable cells in
smooth and rough variants indicated no difference in growth
capacity that could explain the enrichment in smooth variants
after 7 days (data not shown). However, to exclude the possi-
bility that our experimental procedure in liquid media could
artificially enrich smooth colonies in the Ac® strain, we re-
peated the experiment on solid TSA plates as described in
Materials and Methods. The results confirmed that the biofilm
phenotype instability of the Ac® strain also occurs after serial
passage in solid medium (data not shown).

Biofilm phenotypic variation of the Ac® mutant in micro-
fermentors. Biofilm formation in microfermentors occurs un-
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FIG. 1. Mutation of ¢® in a biofilm-positive strain causes a phenotype switch to a smooth morphology. (A) Colony morphology of biofilm-
positive variants (rough morphology) and biofilm-negative variants (smooth morphology) of S. aureus 15981 after 24 h on CRA. (B) Percentages
of rough colonies (black) and smooth colonies (gray) of the S. aureus 15981 strain and its isogenic Ac® mutant on CRA after subcultivation in
TSB-gluc for 7 days. Error bars represent the standard deviations from three independent experiments.

der flow conditions with a continuous replenishment of me-
dium to avoid stationary phase. We used microfermentors to
examine whether the rapid biofilm phenotypic switching of the
Ac® strain also occurs under flow conditions. The wild-type
and Ac® mutant strains were grown in microfermentors, and
biofilm development was monitored over a period of 5 days.
After 24 h, visual inspection of the biofilm revealed no differ-
ence in biofilm development between the parent and the Ac®
strain (Fig. 2A). However, after 5 days, the biofilm biomass
produced by the Ac® mutant was reduced twofold, and only a
sparse layer of cells covered the surface of the slide (Fig. 2B).
These data suggest that nutrient depletion and/or accumula-
tion of waste products during steady-state incubation was not
responsible for the induction of the rapid phenotypic switching
observed in the Ac® strain. These results also showed that the
rapid enrichment of smooth bacteria in the Ac® strain affects
the three-dimensional structure of the biofilm.

Contribution of IS256 to rapid biofilm switching in the Ac®
strain. The insertion/excision activity of the 1S256 transposable
element in biofilm-essential genes has been described as a
mechanism of biofilm phase variation (48). To determine
whether the transposition activity of IS256 was involved in the
rapid phenotypic switching observed in the Ac® strain, we
performed Southern blot analysis using a probe specific for
IS256. Figure 3 shows that new DNA bands detected by the
1S256 probe appeared as the Ac® strain was serially passaged

60

50

407

WT AcB

FIG. 2. Influence of o® deletion on biofilm stability after 5 days in
continuous-flow microfermentors. (A) Biofilm development of the
wild-type strain (WT) and the A¢® mutant in microfermentors after
24 h (upper panel) and 5 days (lower panel). (B) Quantification of the
biomass of a 5-day biofilm adhering to a glass slide. Cells were re-
moved from the glass slide, placed into 10 ml of TSB, and vortexed,
and the optical density (OD) of the solution was measured at 600 nm.
Error bars represent the standard deviations from three independent
experiments.
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FIG. 3. Analysis of the 1S256 element in biofilm-negative variants of the Ac® strain. Southern hybridization of EcoRI-Sall-digested chromo-
somal DNA with an IS256-specific DNA probe. Lanes 1 to 4, Ac® biofilm-negative variants obtained from overnight cultures of experiment 1; lanes
5 to 8, Ac® biofilm-negative variants obtained from overnight cultures of experiment 2; lanes 9 to 10, Ac® biofilm-negative variants obtained after
7 days of subcultivation of the Ac® mutant in TSB-gluc. WT, wild type.

in the laboratory. After 7 days, the number of copies of 1S256
increased dramatically, suggesting that the transposition activ-
ity of IS256 was derepressed in the absence of o®.

This finding suggested that the insertion of new copies of
IS256 into the icaADBC operon is a likely mechanism for the
rapid biofilm-negative switching of the Ac® strain. To explore
this possibility, we characterized the icaADBC operons of sev-
eral biofilm-negative variants by Southern blotting and by
PCR. Southern blot experiments using a probe specific for the
icaA gene revealed three different hybridization patterns (Fig.
4A and B). Group I included biofilm-negative variants (smooth
colonies) with hybridization patterns identical to that of the

parental biofilm-positive Ac® strain. These variants were un-
able to produce the PIA/PNAG exopolysaccharide (Fig. 4C),
although transcription of the icaADBC operon showed no dif-
ference from that of the wild-type strain, as determined by
RT-PCR using an icaC-specific TagMan probe (data not
shown). Biofilm formation of these biofilm-negative variants
was restored by complementation with a recombinant plasmid
carrying the icaADBC operon (pSC18), suggesting that a point
mutation in the ica operon might be responsible for biofilm
deficiency. Group III included biofilm-negative variants exhib-
iting a DNA band with a lower electrophoretic mobility than
those of the parental biofilm-positive Ac® strain. Biofilm-neg-
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n (2320) (5178) (5503) Ac" biofilm negative variants
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FIG. 4. Analysis of the ica operon of biofilm-negative variants of the Ac® strain. (A) Scheme of the ica operon EcoRI restriction sites. The icaA4

DNA probe was generated using primers icaA-1 and icaA-2. (B) Southern blot analysis of EcoRI-digested chromosomal DNA of several Ag®
biofilm-negative variants using the amplified ica4 DNA probe. WT, wild type. (C) Dot blot analysis of PNAG accumulation in the 15981 wild-type
strain, the Ao® strain, and the Ao® biofilm-negative variants that were classified into group I (no insertion of 1S256 in the ica operon), group II
(icaC::1S256), and group III (icaC deletion). Cell surface extracts of stationary-phase cultures were treated with proteinase K and spotted onto
nitrocellulose filters. PNAG production was detected with anti-S. aureus PNAG antiserum. The transposon insertion mutation in the icaC gene
was used as a negative control.
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TABLE 3. Localization of IS256 insertions in the icaC gene

AoB
biofilm-negative Position Sequence”

variant

8 381 TTTATCGTTG* TTATCATGCA
23 432 ATTAACTATA*ACCTATTCAA
29 417 ATATCATTTT*TAAAATTAAC
37 848 TTCTCATTCT*TTATTTATTT
53 933 GTCTTTCTAG*CGATATCACT
20 844 TGCTTTCTCA*TTCTTTATTT
22 405 TTATTTTGAG* TTATATCATT
24 906 ACAAATATAT*TTGAGGATAA
25 405 TTATTTTGAG* TTATATCATT

@ * represents the insertion point of 1S256.

ative variants of group II showed a hybridized band of higher
electrophoretic mobility than was observed for bands in the
parental strain. To investigate more precisely the reasons for
the band shifts observed in biofilm mutants of groups II and
III, the ica genes of several colonies were amplified by PCR
and sequenced. The results revealed that the increased size of
the ica restriction fragment of variants of group II was due to
the insertion of the IS256 element at different positions of the
icaC gene (Table 3). To determine the frequency at which
IS256 insertions occurred in icaC, we performed PCR analysis
of 110 biofilm-negative variants from the wild-type and Ac®
strains. The results revealed that 27 of the variants from the
Ac® strain contained an icaC::1S256 insertion. In contrast, only
three of the biofilm-negative variants derived from the wild-
type strain contained an IS256 insertion at the ica operon. The
decreased size of the hybridized band of group III variants was
due to a deletion of icaC and the DNA region downstream of
the icaADBC operon because we were unable to amplify the
icaC gene in these variants. As expected, dot blot experiments
using specific anti-PNAG polyclonal antisera showed that all of
the biofilm-negative smooth variants were unable to synthesize
PIA/PNAG (Fig. 4C).

1S256-mediated biofilm phenotypic variation in the Ac®
strain is a reversible process. To determine whether the Ac®
biofilm-negative variants could revert to biofilm-positive phe-
notypes, representative biofilm-negative derivatives were seri-
ally subcultured in TSB-gluc broth for 5 days as described in
Materials and Methods. Rough black colonies were isolated on
CRA after 4 days. Southern hybridization with an IS256-spe-
cific DNA probe of several biofilm-positive revertants revealed
decreases in the numbers of copies of 1S256 in the biofilm-
positive revertants (Fig. 5A). In addition, rough colonies re-
gained the capacity to produce a biofilm in microtiter plates
(Fig. 5B) and to synthesize PIA/PNAG exopolysaccharide
(Fig. 5C). Consistent with previous results by Ziebuhr et al.
(48) for S. epidermidis, these data suggest that insertion of
1S256 in the icaC gene of Ac® biofilm-negative variants is a
reversible process.

1S256 insertions outside the ica operon. In a previous study,
Conlon et al. (9) reported that the sar4 gene was another
chromosomal hot spot for IS256 insertions, leading to the
generation of biofilm-negative variants. Therefore, we decided
to analyze the frequency of insertion of IS256 in the sar4 gene
in the Ac® mutant. For this purpose, we took advantage of the
fact that proteases are upregulated in the sar4 mutant (7). A
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single colony each of the wild-type and Ac® mutant strains was
grown overnight in TSB-gluc. Then, an aliquot of each culture
was plated daily on TSA-milk. The results of three indepen-
dent experiments revealed that switching frequencies to pro-
tease-overproducing variants were 10 times higher for the Ac®
mutant than for the wild-type strain. PCR analysis of 34 of the
Ac® protease-overproducing variants revealed that 9 (26%)
contained sarA4::1S256 insertions but that none of the 9 pro-
tease-overproducing variants obtained from the wild-type
strain contained sarA::1S256 insertions. Interestingly, all of the
protease-overproducing variants containing sarA::1S256 inser-
tions had a reduced capacity to produce biofilms, whereas
some of the protease-overproducing variants obtained from
the wild-type strain still retained the capacity to produce a
biofilm (data not shown).

Although insertion of 1S256 has been correlated only with
biofilm phenotype switching, we wondered whether increased
IS256 insertion activity might also play a role in the variation of
other phenotypes. We analyzed the frequency of switching for
enzymatic activities easily detectable on agar plates, such as
coagulase, a-hemolysin, and lipase production. After 5 days of
subcultivation, we were unable to detect any phenotypic vari-
ants in coagulase, hemolysin, or lipase production (Fig. 6).
Taken together, these data suggest that insertion of 1S256 into
the sarA gene occurs at frequencies similar to that of the icaC
gene, but insertion does not randomly occur in all genes of the
staphylococcal genome.
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FIG. 5. Analysis of the 1S256 element, the biofilm formation ca-
pacity, and PIA/PNAG synthesis in Ac® biofilm-positive revertants.
(A) Southern hybridization of EcoRI-Sall-digested chromosomal
DNA with an IS256-specific DNA probe. Lanes: 1, S. aureus 15981
Ac® strain; 2, S. aureus 15981 Ac® biofilm-negative variant; 3 to 5, S.
aureus 15981 Aa® biofilm-positive revertants. (B) Biofilm formation in
microtiter dishes. (C) Dot blot analysis of PIA/PNAG accumulation.
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AcB phenotypic variants after 5 days
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FIG. 6. Detection of phenotypic variants in coagulases, hemolysins,
lipases, and proteases. After 5 days of subcultivation, a dilution of Ac®
biofilm-negative variant culture was plated on Baird Parker agar
(Difco), TSA with 5% sheep blood (Difco), Spirit Blue agar (Difco), or
TSA supplemented with skim milk (5%, wt/vol) to determine the
number of phenotypic variants in coagulase, hemolysin, lipase, or pro-
tease production, respectively. The percentage of colonies that did not

% colonies
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o® deficiency does not affect transposase expression. To
investigate the possibility that o® affects 1S256 by regulating
the expression of the transposase, we measured the transcrip-
tion levels of the 1S256 transposase in wild-type and Ac®
strains by RT-PCR. This analysis revealed no significant dif-
ferences in transposase transcription levels between the wild-
type and the Ac® mutant strains (data not shown). These
results suggest that ¢® influences the activity of 1S256 by a
mechanism other than repression of transcription of the trans-
posase.

Recombinant IS256 exhibits high insertion activity in a Ac®
strain. To determine whether the increased frequency of in-
sertion of IS256 was due to a higher IS256 activity in the Ac®
mutant, we generated IS256r by insertion of an erythromycin
resistance gene downstream of the transposase gene (Fig. 7A).
IS256r was cloned into the thermosensitive pBT2 vector (5),
generating pLA1. We also generated a derivative of IS256r in
which the transposase gene was inactivated by site-directed
mutagenesis of the conserved DDE motif. IS256r-ATnp was
cloned into pBT2, generating pLA1-ATnp. To determine

whether the transposase of IS256r was functional and capable
of inducing IS256r excision and circularization, pLA1 and
pLA1-ATnp were cloned in the recombination-deficient host
E. coli XLL1-Blue. For visualization of IS256r circles, extrach-

present phenotypic variation is represented in black. The percentage of
colonies with phenotypic variation is shown in gray.
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FIG. 7. Transposition analysis of the recombinant element IS256r. (A) Construction of the recombinant element IS256r. The natural chro-
mosomal icaC::1S256 insertion was amplified and fused with an erythromycin resistance gene that included the left inverted repeat (IR;) of the
1S256 element. IS256r was cloned into the pBT2 vector. IR, right inverted repeat. (B) Agarose gel electrophoresis of PCR fragments amplified
with circle-specific, outward-directed primers. (C) Percentages of chloramphenicol-sensitive colonies among the erythromycin-resistant colonies of
S. aureus 15981 and its isogenic Ac® mutant. Error bars represent the standard deviations from nine independent experiments. WT, wild type.
(D) Southern hybridization of EcoRI-Ncol-digested chromosomal DNA with 1S256 (left)- and erythromycin (right)-specific DNA probes. The
arrows indicate new DNA bands hybridizing with the IS256 and erythromycin probes. Lanes 1 to 4, erythromycin-resistant/chloramphenicol-
sensitive derivatives obtained from the Ac® strain.
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FIG. 8. Effect of culture media and temperature on IS256 activity in the Ac® strain. (A) Percentages of rough colonies (black) and smooth
colonies (gray) of wild-type and Aa® strains on CRA at days 1 and 5 of continuous subcultivation under different conditions (at 30°C or 37°C) and
in TSB, TSB-gluc (TSBg), or TSB-NaCl. (B) Percentages of protease-overproducing colonies (black) and non-protease-overproducing colonies
(gray) of wild-type and Ac® strains on TSA-milk at days 1 and 5 of subcultivation under different conditions as described for panel A. Error bars

represent the standard deviations from three independent experiments.

romosomal DNA from E. coli(pLA1) and E. coli(pLA1-ATnp)
was isolated and used as the template in PCRs with 1S256-
specific, outward-directed primers (Fig. 7A). In this experi-
ment, a specific 2.1-kb PCR product can be generated only if
1S256 forms an extrachromosomal DNA circle. Figure 7B
shows the appearance of a band of 2.1 kb only in the extra-
chromosomal DNA fraction from E. coli(pLAl), indicating
that IS256r transposase was able to excise the insertion se-
quence and produce circular intermediaries.

To determine whether the insertional activity of IS256r de-
pends on the presence of o®, plasmid pLA1 was cloned in the
S. aureus 15981 and Ac® strains. The insertion frequency was
quantified as the number of chromosomal insertion events of
IS256r in each strain, as determined by the number of erythro-
mycin-resistant/chloramphenicol-sensitive colonies (Fig. 7C).
The colonies were expected to be chloramphenicol sensitive
because we were screening for loss of the plasmid. The results
showed a significant, 2.5-fold increase (P < 0.01) in the per-
centage of erythromycin-resistant/chloramphenicol-sensitive
colonies obtained with the Ac® strain compared to the per-
centage obtained with the wild-type strain. To confirm that the
integration of IS256r in the chromosome was mediated by
transposition activity and not by double crossover with chro-
mosomal copies of 1S256, Southern blotting was performed
using IS256-specific and erythromycin-specific gene probes.
The results revealed the appearance of new bands in the eryth-

romycin-resistant/chloramphenicol-sensitive colony derivatives
that hybridized with the IS256 and erythromycin gene probes,
suggesting integration of IS256r into the chromosome by trans-
position (Fig. 7D). Overall, these results indicate that the
transpositional activity of IS256r is increased in the absence
of o®.

Effect of culture media and temperature on the IS256 activ-
ity of the Ac”® strain. To test whether environmental condi-
tions affect the insertional activity of 1S256 in the Ac® strain,
we determined the number of biofilm phenotype variants of
the 15981 and Ac® strains on CRA plates and on TSA-milk
after serial passage in different media (TSB, TSB-gluc, and
TSB-NaCl [0.5 M]) and at different temperatures (30°C and
37°C). Interestingly, the presence of 0.5 M NaCl (or 0.5 M KCl
[data not shown]) in the growth medium decreased the appear-
ance of smooth and protease-overproducing variants in the
Ac® mutant to the levels in the wild type (Fig. 8). In contrast,
a high frequency of biofilm phenotype variants was observed
for the Ac® mutant under the remaining conditions tested.
From these results, we concluded that osmotic stress was able
to compensate for the biofilm phenotype instability of the Ac®
mutant, suggesting that the activity of IS256 was also regulated
by environmental conditions. It is important to notice that the
frequency of biofilm phenotypic variation slightly increased in
the wild-type strain at 30°C (20%), strongly suggesting that
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temperature plays a role in the biofilm phenotypic variation
process.

Two-component systems (TCS) are the principal signal
transducers involved in environmental sensing in S. aureus.
Seventeen TCS have been annotated to occur in the S. aureus
genome. Among them, yycFG is essential for cell viability, and
SA0016-SA0017 is present only in methicillin-resistant strains.
Thus, we investigated whether 15 isogenic mutations in TCS of
the 15981 strain have effects on biofilm phenotypic variation.
The results showed no changes in the frequency of appearance
of smooth colonies under our experimental conditions (data
not shown), indicating that the signals due to salt stress that
induce IS256 transposition activity are perceived by unknown
mechanisms that are separate from TCS. Such signals might
act directly to regulate the stability of the transposase tran-
script or transposase activity itself.

DISCUSSION

Biofilm formation in S. aureus is a tightly regulated process
involving many different factors. In this regard, it has been
reported that (i) IcaR is a strong negative regulator of
icaADBC transcription, and in its absence, PIA/PNAG produc-
tion and biofilm formation are enhanced (24); (ii) TcaR, a
putative transcriptional regulator of the teicoplanin-associated
locus, represses icaADBC transcription without affecting PIA/
PNAG production (24); and (iii) SarA, a global virulence reg-
ulator, positively regulates icaADBC operon transcription and
PIA/PNAG accumulation (4, 45). In parallel to this refined
regulatory procedure, it has been shown that biofilm develop-
ment in S. aureus and S. epidermidis is subject to an “all-or-
none” control mechanism based on the integration/excision of
the IS256 insertion element in the icaADBC operon (9, 28, 48).
1S256 is a common element in the genomes of staphylococci
and enterococci and is often present in multiple copies either
flanking the Tn4001 transposon or independent of it. Several
studies have indicated that IS256 elements are significantly
more frequent in S. epidermidis strains of clinical origin than in
commensal isolates, and the use of IS256 as a genetic marker
has been proposed (14, 19, 30, 42). Host cells have adopted
different mechanisms for limiting the deleterious effects that
uncontrolled transposition of insertion elements might cause
(for a review, see Nagy and Chandler [38]). In the case of
IS256, nothing was known about the mechanisms used by
staphylococci to control IS256 insertion/excision activity.

The results of our study revealed that the absence of the
global stress response regulator o® increased the frequency of
smooth colonies, completely reversing the balance of smooth/
rough bacteria in the culture over a 7-day period. The molec-
ular mechanism responsible for the change to smooth, biofilm-
negative colonies in the o® mutant strain might involve either
the activation of a new genetic mechanism of phenotypic vari-
ation or the increased transposition activity of the 1S256 ele-
ment. Genetic analysis of biofilm-negative variants of the o®
strain showed that insertion of IS256 at different positions in
the icaC gene occurs in 30% of the biofilm-negative variants.
This percentage coincided with the frequencies already de-
scribed for wild-type strains of S. epidermidis, strongly suggest-
ing that similar mechanisms of biofilm phenotypic variation
take place in the wild-type and o® strains. To demonstrate that

J. BACTERIOL.

the transposition of IS256 increases in the absence of o®, the
insertion frequency of IS256r, containing an erythromycin re-
sistance gene, was determined. The results showed that the
chromosomal insertion frequency of IS256r from a plasmid
was almost three times higher in the ¢® mutant than in the
parental strain. According to RT-PCR experiments, the ab-
sence of o® was not associated with an increased transcription
of the transposase. Therefore, it appears that ¢® regulates the
expression of an unknown element that, either alone or in
concert with additional factors, represses the translation of
1S256 transposase mRNA or the transposase’s enzymatic ac-
tivity. Further studies are required to determine the molecular
mechanism by which o® regulates 1S256 transposase activity.
The mechanisms of target recognition by the IS256 trans-
posase have not been characterized, but preferential insertion
of IS256 in the icaC, rsbU, and sarA genes has previously been
reported to occur in Staphylococcus epidermidis (9, 48). In
agreement with these results, we observed that the increased
activity of 1S256 in the absence of o® did not influence target
specificity, and the same preferential insertion of IS256 in the
icaC and sarA genes was observed among the Ac®-derived,
biofilm-negative variants. rsbU, a positive activator of o®, was
previously reported to accumulate 11% of the IS256 insertions
in biofilm-negative colonies (9). It has been shown that the
absence of rsbU causes a reduction in o activity; therefore,
insertional inactivation of rshU is expected to mimic ¢® muta-
tion (40). The evolutionary selection of rsbU as a preferential
1S256 insertion site might represent a positive-feedback mech-
anism for increasing transposition activity under specific envi-
ronmental conditions. This hypothesis is also supported by the
finding that o®-deficient S. aureus strains occur frequently in
nature (27). Indeed, we have observed that natural 1S256-
containing o®-negative isolates of S. aureus very often con-
tained a very high copy number of the IS256 element, suggest-
ing that 1S256 activity is increased in naturally o®-deficient S.
aureus strains (our unpublished results). We have not been
able to determine the frequency of insertion of IS256 into the
rsbU gene because rsbU-deficient variants of S. aureus, in con-
trast to S. epidermidis, are effective biofilm producers that
display rough colony morphology in CRA. An intriguing result
relating to IS256 target recognition is the enormous number of
copies of IS256 present in biofilm-negative variants that, in
principle, should seriously compromise bacterial survival.
The high frequency of emergence of biofilm-negative vari-
ants in the o mutant might also explain previous reports
conferring opposite roles to o® in S. aureus biofilm formation
(41, 45). It was first reported that the disruption of o® in the
clinical strain MA12 impaired the biofilm formation capacity
of the bacteria (41). Then, we reported that the deletion of o®
from two genetically unrelated S. aureus strains did not affect
biofilm formation capacity (45). It is likely that a biofilm-
negative variant could be unconsciously selected during the
mutagenesis procedure of o® in strain MA12 that would distort
the observed phenotype. Similar conjectures might be applied
to other studies that analyzed the effects of o® deficiency in
bacterial biology. For example, one study investigated the ef-
fect of nutrient limitation on S. epidermidis biofilms (23). Bio-
films of strain S. epidermidis 8400 with deletion of both rsbU
and o® disintegrated within 2 to 3 days in TSB without glucose,
whereas biofilms of mutants in negative regulators of o®
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(RsbW) displayed high stability over at least 6 days. Based on
these results, those authors concluded that the stability of
established biofilms under conditions of nutrient limitation
depends on o® activity (23). However, it is possible that the
increased activity of 1S256 in the o®-deficient S. epidermidis
8400 strain might favor the appearance of biofilm-negative
variants that caused the biofilm disintegration phenotype. To
date, most of the studies investigating the role of o® in S.
aureus have been performed using IS256-free S. aureus 8325-4
and COL strains; therefore, phenotypes would not be affected
by this mobile element (8, 17, 18, 32). Nevertheless, it is im-
portant to keep in mind the potential influence of mobile
elements when regulatory gene deficiencies are analyzed in
natural bacterial isolates because transposon-mediated phase
variation might underlie contradictory phenotypes associated
with particular bacterial strains.

Growth conditions modulate the transposition activities of
mobile elements by affecting the expression of transposition-
related genes and/or their activities and/or of host factors that
regulate transposition activity (38). In particular, stress situa-
tions such as carbon starvation, extreme temperature, and UV
light have been correlated with the enhanced transposition of
bacterial mobile elements (10, 15, 22, 31, 33, 39). These find-
ings support the idea that bacteria derepress the movement of
mobile elements as an adaptive response to stress and to per-
mit new traits to evolve (6, 46). In contrast to this idea, we
observed that o®, a global regulator that enables adaptation to
environmental stresses, is a repressor of 1S256 activity. In this
situation, environmental stress conditions would activate o®
activity and decrease the generation of biofilm-negative vari-
ants. Accordingly, salt stress (NaCl or KCl), which has been
shown to induce biofilm formation (41), represses 1S256 activ-
ity in the absence of o®, indicating that the sensor for osmotic
stress influences IS256 activity downstream of o®.

Direct consequences of the change in biofilm switching fre-
quency and the enrichment of smooth colonies in the bacterial
population are the progressive degradation of an established
biofilm and the release of biofilm-negative variants that can
colonize new niches. An enzymatic activity (dispersin B) able
to degrade the PIA/PNAG exopolysaccharide matrix to facili-
tate bacterial detachment from biofilms has been described for
Actinobacillus actinomycetemcomitans (25, 26). In the absence
of a dispersin homologue in the S. aureus genome, it appears
that the generation of an appropriate ratio of biofilm-negative
variants through the insertion/excision activity of 1S256 plays
an important role in controlling the transition from a biofilm to
a planktonic lifestyle.
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